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We report observations of novel dynamic behavior in resonantly-enhanced stimulated Raman
scattering in Rb vapor. In particular, we demonstrate a dynamic hysteresis of the Raman scattered
optical field in response to changes of the drive laser field intensity and/or frequency. This effect
may be described as a dynamic form of optical bistability resulting from the formation and decay
of atomic coherence. We have applied this phenomenon to the realization of an all-optical switch.
PACS numbers: 42.50.Gy,42.65.Dr,42.65.Pc,42.65.Sf
It is now well-known that the optical properties of
atomic media may be dramatically altered if the atoms
are placed into an appropriate quantum superposition of
states, enabling, e.g., electromagnetically induced trans-
parency (EIT) and lasing without inversion [1]. Such
coherently-prepared media can also exhibit extremely
large nonlinearity at very low light levels [2, 3, 4, 5, 6]. In
this paper we demonstrate a novel form of nonlinearity –
dynamic optical bistability – using resonantly enhanced
Raman generation in warm Rb vapor [7]. The observed
bistable behavior results from the formation of a long-
lived coherence in the atomic ensemble due to the strong
light-atom interaction provided by a double-Λ interac-
tion scheme, which can be approximated as two strong
pump fields Ω1,2 interacting with a three-level atom as
shown in Fig. 1a. Strong Raman gain is produced with
this scheme, generating a pair of correlated Stokes and
anti-Stokes fields E1,2 [8, 9, 10]. We find dynamic opti-
cal bistability in the form of hysteresis in the response of
either of the Raman fields to sufficiently fast variation in
the corresponding pump field.
Optical bistability has been extensively studied for sev-
eral decades (see [11, 12] for reviews), and observed in
many systems. Most typically, optical bistability oc-
curs with a nonlinear medium placed in an optical cav-
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FIG. 1: a) Three-level double-Λ scheme used in the exper-
iment. The first diode laser LD1 (pump field Ω1) is de-
tuned by ∆ ≈ 4 GHz to the blue side of the Rb transition
F = 1 → F ′ = 2. The second laser LD2 (pump field Ω2) is
resonant with F = 2→ F ′ = 2. b) Experimental setup.
ity, such that there is more than one stable condition of
output light intensity from the cavity for a given inten-
sity of near-resonant input light, i.e., there is a hystere-
sis in the effective cavity transmission. Optical bistabil-
ity with a cavity has been observed with various two-
and three-level atomic systems serving as the nonlin-
ear medium [13, 14, 15, 16, 17, 18]. Optical bistabil-
ity has also been demonstrated without a cavity using
degenerate four-wave mixing in atomic vapor with two
counter-propagating laser beams [19, 20]. In these lat-
ter experiments, the bistability arises from a dependence
of phase-matching conditions on the magnitude of the
output field [21].
The unique features of the present results are: (i) op-
tical bistability arises due to the formation of long-lived
atomic coherence, which in turn depends on the am-
plitudes and phases of all four optical fields (Ω1,2 and
E1,2); and (ii) bistability is observed in a co-propagating
laser geometry without a cavity. The steady state ampli-
tudes of both the Stokes and anti-Stokes fields are self-
adjusted by the light-atom interaction, so that a general-
ized four-photon dark state is established that is decou-
pled from all optical fields. The generalized dark state
in the double-Λ system is analogous to the dark state
polariton employed in “stored light” in the single-Λ sys-
tem [22, 23, 24], with the dynamics controlled by three
relevant timescales. First, there is the characteristic time
of atomic response to change in the pump fields, i.e., the
time for atomic coherence to be created and modified.
This time is given by the inverse bandwidth of the four-
photon Raman process [8, 9], and may be quite short:
τR ∝ ∆|Ω1||Ω2| , (1)
where ∆ is the detuning of the off-resonant pump field
Ω1 (see Fig. 1a). In our experiment, τR < 1 µs for typical
values of the pump fields Ω1,2 and ∆.
The second relevant timescale characterizes the equi-
libration of the four-photon dark state, and hence the
response time of the amplitudes and phases of the gen-
erated Raman fields. This time is determined by the
2optical pumping rate of the far-detuned pump field Ω1:
τS ∝ ∆
2
γ|Ω1|2 , (2)
where γ is the relaxation rate of the excited state. For
comparable values of the pump field powers, one has
τS ≃ ∆γ τR ≫ τR; for our system, τS ≈ 30 µs. This large
difference in timescales enables dynamic optical bista-
bility when either of the pump fields is modulated on
a timescale between τS and τR, because the generated
Raman fields depend on the magnitude and phase of the
atomic coherence. Once the modulated pump field passes
above the threshold for Raman generation, atomic co-
herence is created. However, the intensity of the Ra-
man field reaches its steady-state value with some delay
τS , effectively increasing the observed threshold pump
power. Similarly, Raman generation continues at lower
pump field power than the steady-state threshold when
the pump field is reduced from its peak value. As the
pump field is again increased, the hysteresis cycle is re-
peated.
The third relevant timescale is the atomic coherence
lifetime, which for our system is limited by atomic dif-
fusion in and out of the interaction region to be T2 ∼
2 ms≫ τS . Because atomic coherence provides a “reser-
voir” for Raman generation, dynamic optical bistability
can be observed for very slow pump field modulation,
down to a modulation period ≃ T2.
A schematic of our experimental setup is shown in
Fig. 1b. We used two diode lasers LD1 and LD2 operat-
ing at 795 nm and resonant with the D1 line (5
2S1/2 →
5 2P1/2) of
87Rb. The first laser was detuned by ∆ from
the F = 1 → F ′ = 2 transition, and the second laser
was resonant with the F = 2 → F ′ = 2 transition. To
control the intensity of the off-resonant field Ω1, a part
of the beam from the first laser was depleted using an
acousto-optic modulator (AOM) with a frequency shift
of 80 MHz, and then combined with radiation from the
second laser on a polarizing beam splitter (PBS1). The
polarizations of the two fields were then transformed by a
quarter-wave plate into orthogonal circular polarizations
before entering the Rb cell. The maximum available opti-
cal power for the lasers LD1 and LD2 was approximately
3 mW and 4 mW respectively, with the laser beams fo-
cused inside the cell to diameters of about 200 µm.
We employed a cylindrical glass cell filled with isotopi-
cally pure 87Rb and 6 Torr of Ne buffer gas. We placed
the cell inside a three-layer magnetic shield to reduce
the influence of stray magnetic fields, and heated the cell
to 106o C, which corresponds to a Rb vapor density of
7 ·1012 cm−3. Since counter-propagating laser beams can
produce mirrorless oscillations in the Raman field [25] we
took care to avoid retro-reflection of either laser beam
back into the atomic cell.
For the chosen pump field polarizations and resonant
atomic levels, each of the generated Raman fields had cir-
cular polarization, with the same chirality as the corre-
sponding pump field. Thus all fields had linear polariza-
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FIG. 2: Example spectrum of the generated Raman Stokes
field E1 as a function of the detuning ∆ of the off-resonant
pump field Ω1.
tion after passing through the second quarter-wave plate
placed after the Rb cell, with the polarization of fields Ω1
and E1 being orthogonal to Ω2 and E2. All these fields
were then combined at the second polarizing beamsplit-
ter (PBS2) together with an additional beam from the
first laser which propagated outside of the atomic cell.
The frequency of this “bypass” field was shifted down
by 80 MHz with respect to the field Ω1. We detected
the beat-note signal between the bypass field and the
Raman field E1 using a fast photodetector (PD) and a
spectrum analyzer in zero-span mode with a registration
bandwidth of 3 MHz. Since the amplitude of the bypass
field was constant, only changes in the amplitude of E1
were detected.
Fig. 2 shows a typical spectrum of the generated Stokes
field E1. We observed such Raman generation over a
wide range of the first laser’s detuning ∆. The absence
of Raman generation around ∆ = 0 matches the resonant
absorption for the pump field Ω1. Raman generation also
disappeared for large detunings once the frequency of the
generated field E1 approached the F = 1 → F ′ transi-
tions. Other smaller variations of the Stokes field am-
plitude were caused by effects such as switching between
different modes of Raman generation. The frequencies of
these modes differ by a few hundred kHz, and were found
to depend on the intensity of the pump fields as well as
details of the laser beams’ spatial overlap, which likely
affect the four-photon phase-matching conditions [7, 26].
However, these smaller Raman variations did not change
the qualitative behavior of the dynamic optical bistabil-
ity.
To study the dynamics of Raman generation, we varied
the intensity of the off-resonant laser field Ω1 by mod-
ulating the voltage applied to the AOM at frequency
fmod, while the intensity and frequency of laser LD2 were
kept constant. Fig. 3a shows the observed dependence
of the Stokes field amplitude E1 on the corresponding
pump field Ω1, for the case of very slow variations of
Ω1 (i.e., fmodT2 ≪ 1). One can see that the ampli-
tude of the Stokes field exhibits threshold-like behavior,
and then reaches a maximum (determined by the phase
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FIG. 3: Differing degrees of observed hysteresis in the gen-
erated Raman Stokes field E1 as the corresponding Ω1 pump
field intensity is modulated at a) 10 Hz (no hysteresis); b)
150 Hz; c) 1.2 kHz; d) 4 kHz. Several (2−3) cycles are shown
on each plot to demonstrate the reproducibility of the data,
with arrows indicating the “direction” of change of the pump
field. The off-resonant laser detuning ∆ was approximately
4 GHz.
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FIG. 4: Measured dependence on modulation frequency of
the hysteresis threshold powers, Pon and Poff , of the off-
resonant pump field. The dashed lines indicate independent
fits of Pon and Poff to
√
fmod. Inset : Graphic definition of
the manner in which Pon and Poff were determined from the
hysteresis data.
matching conditions between all four optical fields). If
the intensity of the pump field increases sufficiently, it
drives the system out of the optimal conditions for Ra-
man generation, and the amplitude of the generated field
decreases. It is important to note that in the quasi-static
case (fmod < 10 Hz) the Raman generation threshold is
the same regardless of the “direction” of the pump field’s
change. Thus there is no hysteresis in the regime of low
modulation frequency.
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FIG. 5: Demonstration of an all-optical switch using dynamic
optical bistability. The Stokes field E1 could be switched
on and off (lower graph) by pulsing the pump field Ω1 (top
graph). The duration of the Ω1 pulses was 40 µs; the plot-
ted intensity of these pulses is normalized to their maximum
value (≈ 2.5 mW) with a detuning ∆ ≈ 4 GHz.
As shown in Fig. 3b-d, a hysteresis loop appears for
the Stokes field amplitude as fmod increases. We define
the “threshold” values Pon and Poff as the pump field
powers at which Raman generation starts (for increasing
Ω1) and ceases (for decreasing Ω1). Their dependence on
fmod is presented in Fig. 4. One can see that the differ-
ence between Pon and Poff increases with the modulation
frequency, and these threshold powers are reasonably fit
by Pon −Pth ∝
√
fmod and Poff − Pth ∝ −
√
fmod, where
Pth is the threshold power for Raman generation in the
CW regime. We can reproduce this scaling law by tak-
ing into account the delayed response of the generated
Raman field to the pump field modulation, as character-
ized by the delay time τS (which depends on pump field
power, see Eq.(2)). This simple model yields:
Pon,off ≃ Pth
(
1± 1
2
√
fmodτ
th
S
)
(3)
where τ thS is the four-photon dark-state equilibration time
in the vicinity of the Raman generation threshold. This
expression is in good qualitative agreement with the ex-
perimental results. However, a more complete descrip-
tion of the threshold behavior will require treatment of
the diffusion of coherently prepared atoms in and out of
the optical interaction region [27, 28].
At higher modulation frequencies (fmod > 1 kHz)
the measured peaks of the Raman field E1 output dif-
fer for increasing and decreasing pump field Ω1, a result
of changes in the four-photon phase-matching conditions
(which determine optimal Raman generation) that are
fast relative to τS .
4Two additional notes about the observed dynamic op-
tical bistability: (i) we found Raman hysteresis similar to
that shown on Fig. 3 by fixing the intensity of both pump
lasers, tuning ∆ to be near a cut-off frequency for Raman
generation (see Fig. 2), and modulating the frequency of
either of the pump fields; and (ii) we observed similar
bistable behavior for the anti-Stokes field E2, although
this field was generally much weaker than E1 because of
large residual absorption.
As an example application of dynamic optical bistabil-
ity, we demonstrated an all-optical switch in which the
Raman field E1 was turned on and off by briefly puls-
ing the intensity of the Ω1 pump field above or below
a median level (see Fig. 5). During the turn-on pulse,
the strength of the pump field Ω1 was large enough to
establish significant atomic coherence, and thus to pro-
vide large Raman generation once Ω1 returned to its me-
dian value. Similarly, the duration of the turn-off pulse
was long enough for the resonant Ω2 pump field to con-
vert atomic coherence in the interaction region into anti-
Stokes E2 photons, in a process closely related to the re-
lease of stored light [9, 10, 22, 23, 24]. Thus the switching
for both turn-on and turn-off can likely be made much
faster with stronger pump fields.
In conclusion, we have studied the dynamics of
resonantly-enhanced Raman generation in a double-Λ
configuration in Rb vapor. We observed a novel form
of dynamic optical bistability based on long-lived atomic
coherence, which did not involve an optical cavity or an
induced Bragg grating in the medium. This bistability
can be easily adjusted with changes to the pump laser
fields, which may assist practical applications. Realiza-
tion of dynamic optical bistability may also be possible
in condensed matter systems [29, 30, 31]. As an exam-
ple application we used dynamic optical bistability to
demonstrate a simple, all-optical switch.
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